Pre-ozonation-coagulant interactions effects in relation to the coagulant type and dosage in direct fi ltration of surface waters were investigated. The performance of the process was evaluated by monitoring the effl uent quality and head loss development through the fi lter bed. Two identical pilot scale fi lter columns fi ltering the same raw water were operated in parallel. The raw water was brought from Ömerli Reservoir in Istanbul. Before fi ltering, the raw water fl ow was split into two equal fl ows. One of the streams was pre-ozonated and the other was aerated using contact chambers with equal volumes equipped with same number and type of diffusers. In coagulation experiments, one of the fi lters was operated using aluminum sulfate as a coagulant while the other one was run with ferric chloride. For similar fi lter run times, the effl uent quality was always better with pre-ozonation compared to aeration. It was also observed that, aluminum sulfate application gave more favorable results for both particle and turbidity removal compared to ferric chloride. Ives' fi lterability index which incorporates the important fi ltration design parameters such as: effl uent quality, the head loss and the velocity of fi ltration into a dimensionless number was used for the comparison of the experimental results.
Introduction
Filtration is considered the keystone of drinking water treatment and is used for various purposes, such as removing suspended solids, eliminating turbidity, removing iron and manganese, oxidizing ammonium, and removing microorganisms to a great extent. Unlike conventional fi ltration, in direct fi ltration the sedimentation step is eliminated. It is a simple and an economically appealing process. As a rule of thumb direct fi ltration is suitable for raw waters with turbidity below 10 NTU. It calls for low capital and operational costs because it does not include sedimentation tanks and in some cases, fl occulation tanks (AWWA 1990) .
Different physical and chemical processes are applied prior to fi ltration in water treatment plants. These processes, such as pre-ozonation, have a direct effect on fi ltration. The pre-ozonation studies given in the literature are mostly about the effects of ozonation on the coagulation and fl occulation processes (Edwards et al. 1994; Chaiket et al. 2002; Yüksel et al. 2002) .
Until recently, chlorine was considered the primary disinfectant in water treatment. It is more widely used, compared to potassium permanganate, chlorine dioxide, chloramines, ozone, and hydrogen peroxide. Other oxidizing agents started to be considered as alternatives when chlorine disinfection by-products trihalomethanes and their hazards were brought to attention. Although ozone is an unstable and expensive gas, it started to become widespread, as it is a very strong oxidant and it does not form trihalomethanes (Becker and O'Melia 2001) .
The application of ozonation before coagulation in water purifi cation processes reportedly increases the effi ciency of coagulation. Some researchers support the idea that pre-ozonation reduces the charge on the particles, and therefore provides a better coagulation due to charge neutralization (Schneider and Tobiason 2000) . It has been discovered that the infl uence of ozone on coagulation depends on the type of coagulant and the quality of the water and these factors also determine optimum dosage of the coagulant (Becker and O'Melia 2001) .
At pre-ozonation application dosages less than 2.5 mg/L, some researchers reported an immediate fl occulating behaviour, and also an anti-fl occulating behavior or an ambiguous mixture of the two. The results were equally variable when turbidity or total particle numbers were measured following ozonation (AWWA 1991) . One of the purposes of this study is to contribute to the clarifi cation of this ambiguity.
The most common coagulant used in purifi cations of water and wastewater is aluminum sulfate (Al 2 (SO 4 ) 3 •18H 2 O). Aluminum sulfate is used as a coagulant in most of the water treatment plants of Turkey. Recently, several plants have started to use ferric chloride (FeCl 3 •6H 2 O). In this study, the effects of pre-ozonation and comparison of ferric chloride and aluminum sulfate as coagulants in direct fi ltration were investigated.
Materials and Methods
The raw water used in this study was brought from Ömerli basin -one of the main water resources of Istanbul. About one million m 3 /day of water is treated in fi ve Ömerli water treatment plants of different capacities. The common processes used in the treatment involve cascade aeration, pre-ozonation, coagulation, sedimentation, and deep bed fi ltration using 0.8-1 mm sand with a bed depth of 1 m. Characteristics of the raw water are given in Table 1 . In general, direct fi ltration usually requires low turbidity water (Westerhoff et al. 1980; Pirnie 1993; MWH 2005) . The National Research Council (1997) has suggested that direct fi ltration is not appropriate for treatment of water in which the average turbidity exceeds 10 NTU or the maximum turbidity exceeds approximately 20 NTU. Some researchers have suggested turbidity limits of 12 NTU when aluminum sulfate is used alone during low algae seasons (AWWA 1990) .
Although, Ömerli Reservoir water has seasonal turbidities lower than 12 NTU, direct fi ltration is not practiced as a method of treatment.
The schematic fi gure of the pilot plant used in the experiments is shown in Fig. 1 . The raw water was stored in a circular storage tank made from 3 m 3 of polyethylene and was mixed constantly to provide constant raw water turbidity during the experiments. No chemical was added to the raw water before ozonation and fi ltration. The water in the reservoir was pumped into an overhead tank which is 385 cm above the ground. The raw water was sent into two identical contact chambers in which ozone or air was injected using fi ne bubble diffusers. The water was then sent to two identical pilot scale fi lter columns. The contact chambers and fi lter columns were made of plexi-glass and had an inner diameter of 100 mm. The heights of the contact chamber and the fi lter columns were 2.75 and 2.0 m, respectively. The top of the fi lter columns were open to the atmosphere and the water level over the sand bed increased as head loss developed through the media. The head losses through the fi lter column were monitored continuously in all experiments. During the backwash of media with water, the bed expanded about 15 cm and the fi lters were compressed to form 105 cm of fi lter bed before each experiment. The point of chemical addition was 120 cm away from the inlet of the fi lter columns. The experiments were performed without pH adjustment. Effl uent turbidity and particle count values were monitored using an on-line turbidimeter (Hach-Lange Ultraturb plus, Düsseldorf, Germany) and an on-line particle counter (Hach-Lange WPC-22, Düsseldorf, Germany) with 30 g/h capacity. WEDECO GSO 10 model ozone generator (Charlotte, North Carolina) was used for pre-ozonation. Ozone was produced from air. Head losses were measured approximately every 90 min, and at every 4 cm of the fi lter bed. The coagulant dosages were determined with a Chemtrac automatic jar test device. The fi lter sand used in Istanbul Water and Sewage Administration fi lters was chosen as fi lter material. The uniformity coeffi cient of the sand was determined as 1.45, which is within the acceptable uniformity coeffi cient range (AWWA 1990) .
Clean bed head losses were measured, and were shown in the head loss graphs. Five sets of experiments, each set consisting of four experiments, were conducted. The planning of the experiments is given in Table 2 . During the fi rst two experiments, the effects of pre-ozonation and aeration were investigated, using different doses of coagulants. In the next two experiments, pre-ozonation without application of coagulants was compared with preozonation with coagulant application. In one of the fi lters, only pre-ozonation and in the identical one, pre-ozonation and coagulants were applied. In all of the experiments in which ozone was used, the dose of ozone was fi xed at 2 mg/L by an in-line ozone detector (model: IN USA gFFOZ, Norwood, U.S.A.) installed at the exit of the ozone generator. In the last set of experiments, comparison of aluminum sulfate and ferric chloride was made when no ozone or air was applied. The experiments were repeated with 5 and 7.5 mg/L dosages of both coagulants. E1-E5 represent the experiment sets. Setup 1 (S1) and Setup 2 (S2) represent the two identical fi ltration systems. In all fi gures, the graph above always shows S1 and the graph below shows S2. The filters were operated at a rate of 10 m/h as constant rate fi lters, as most fi lters in Istanbul water treatment plants do. The fi lter backwash fl ow rate was 55 m/h. The fi ltration velocity was controlled using a fl ow meter (Siemens SITRANS F M MAG 5000, Munich, Germany) and a globe valve located at the inlet of the fi lter.
The Filterability Index defi ned by Ives (1978) was calculated for each experiment. Ives' Filterability Index can be written as:
( 1) , where C is average fi lter effl uent turbidity (NTU), C 0 is fi lter infl uent turbidity (NTU), H is head loss (m),  is fi ltration rate (m/h), and t is fi lter run time (h). Lower fi lterability numbers indicate better fi ltration performance.
The clogging head loss used in all of the experiments was 0.95 m which was the difference between the water level on the fi lter media and the fi lter effl uent pipe exit level. Since the C o and the fi ltration velocity values in all of the experiments are the same, the value becomes the decisive parameter in the calculation of Ives' Filterability Index.
The fi lter runs with the lowest effl uent turbidity value and the highest fi lter run times have the lowest Filterability Number. In the Filterability Index calculations, the experiments with effl uent turbidity greater than the C limit = 1.0 NTU value set by Istanbul Water and Sewage Administration were not taken into consideration.
Results and Discussion
The effects of pre-ozonation on coagulation
In water treatment, pre-ozonation followed by coagulation improves coagulation effects. Ozonation increases the number of acidic functional groups of organic compounds (Edwards et al. 1994) . Moreover, some researchers have indicated that low ozone doses (less than 3 mg/L) improve turbidity removal but have less effect on total oxidizable carbon reduction. However, in some reported cases, turbidity removal was unaffected or even reduced by ozonation (Lefebvre et al. 1990 ). In order to determine the effect of pre-ozonation, E1 and E2 experiments were conducted. While, pre-ozonation was applied before one of the pilot fi lters, aeration was applied in the other one using same gas fl ow rates. Coagulant addition was made after aeration and pre-ozonation. In Fig. 2 , only the experiments with 7.5 mg/L coagulant dosages are presented. The experiments in which 5 mg/L coagulant were used are summarized in Table 3 . Figure 2 shows that there is no signifi cant difference between ozone and air applications with respect to head loss development. Table 6 shows no signifi cant difference in fi lter cycle lengths for ozone and air applications. While the fi lter run time using ferric chloride was 360 min, the fi lter in which aluminum sulfate was applied could run for 390 min for the same clogging head of 0.95 m.
The ripening period of the fi lter was observed approximately within the fi rst 30 min. In all experiments, particle removal effi ciencies could reach to 98-99% and turbidity could be decreased below 1 NTU when ozone and 7.5 mg/L of either coagulant were used. Maximum removal output was attained with pre-ozonation and 7.5 mg/L aluminum sulfate. The lowest effl uent turbidity levels were 0.71 NTU for ferric chloride (Fig. 3) and 0.29 NTU for aluminum sulfate (Fig. 4) . When the dosage of coagulant was decreased to 5 mg/L, the fi lter run time increased to 25% in pre-ozonation experiments, and to 50% in aeration experiments. Although for the same ferric chloride dosages, no effl uent turbidity differences were observed in preozonation or aeration experiments, signifi cant differences were seen for the same aluminum sulfate dosages (Table 3) . Effl uent particle counts are also shown in Table 3 . The effects of dose and type of coagulant on preozonation In order to determine the effect of the type of coagulant, E3 and E4 experiments were performed in which pre-ozonation was applied in both fi lter columns but coagulant was added to one fi lter only.
The head loss developments of the 7.5 mg/L coagulant dose experiments are shown in Fig. 5 . The fi lter, with preozonation and ferric chloride application could run for 495 min before the 95 cm clogging head was consumed. The fi lter, before which only pre-ozonation was applied, could run for 615 min. In aluminum sulfate experiments, the run time of the fi lter with pre-ozonation application was 405 min. For the pre-ozonation experiment, in which no aluminum sulfate was added, the run time was 690 min.
The change of turbidity and particle count in the E3 and E4 experiments are shown in Figs. 6 and 7, respectively. In particle removal measurements, maximum removal effi ciency was obtained right after the fi lter ripening and this value was stable until the maximum head loss was reached. The removal results of fi lter effl uent particle counts are presented in Table 4 . Filter that received pre-ozonated water but no coagulant could reduce the turbidity only down to 2 NTU. As seen in Table 4 , the turbidity value was 0.57 with ferric chloride application after pre-ozonation. It was measured as 0.28 NTU when aluminum sulfate was used. Ozonated infl uent receiving fi lters had approximately 25% longer fi lter run times. The duration of experiments with aluminum sulfate & ferric chloride did not show signifi cant differences (Table 6 ). Effect of usage and dosage of coagulant on fi lter effi ciency
In E5 experiments, the coagulant was added before fi ltration without any aeration or pre-ozonation. The fi lter run time and head loss relations for the 7.5 mg/L coagulant experiments are given in Fig. 5 . Turbidity and particle count values for these experiments are given in Fig. 8 . It is seen that both coagulants had similar fi lter run times at different doses. When either alum of ferric chloride is applied without pre-ozonation, turbidity could not be reduced to less than 2 NTU (Table 5) . However, when the raw water is preozonated, turbidity could be reduced to less than 0.3 NTU (Table 4) . Particle removal counts however did not show such a signifi cant difference (Table 5) .
The experiments with minimum Filterability Indices are given in Table 6 . The use of ozone gives lower Filterability Index values, indicating better performance when compared to pre aeration. Table 6 shows that aluminium sulfate gives better results both in pre-aeration and pre-ozonation experiments.
Conclusions
In this study the effects of pre-ozonation and diffused aeration on direct fi ltration were investigated when aluminum sulfate and ferric chloride were used as coagulants Ives' Filterability Index, which incorporates the fl ow rate and effl uent quality, and fi lter run length variables into a dimensionless number, was used to compare the experimental results.
 No signifi cant difference in fi lter run lengths was observed between pre-ozonation and diffused aeration experiments. In experiments with pre-ozonation, an increase of 25% fi lter run time was observed at a cost of deterioration of effl uent turbidity when aluminum sulfate or ferric chloride concentrations were reduced from 7.5 to 5 mg/L.  The experiments conducted to see the effect of preozonation (E1 and E2 experiments), similar turbidity removals were obtained at different ferric chloride dosages. The quality of the fi lter effl uent improves and the fi lter run time decreases when aluminum sulfate or ferric chloride coagulants are applied in pre-ozonation experiments. Also, in pre-ozonation experiments, effl uent turbidity removals increased from 74-78 % to 97-98 % when 7.5 mg/L aluminum sulfate and ferric chloride concentrations were applied. Maximum fi lter effl uent quality was obtained with pre-ozonation and 7.5 mg/L aluminum sulfate.  It was observed that the fi lter run length and the quality of fi lter effl uent is infl uenced more with the coagulant dosages of aluminum sulfate and ferric chloride rather than the coagulant type. Raw water turbidity of 10 NTU could be reduced to 0.3 NTU with application of 2 mg/L O 3 in pre-ozonation and 7.5 mg/L aluminum sulfate as a coagulant.
